ABSTRACT
INTRODUCTION
The mammalian target of rapamycin (mTOR) is a central metabolic sensor that coordinates cell growth and proliferation with the availability of growth factors, nutrients, and energy sufficiency. mTOR exists in two multi-protein complexesmTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (1) (2) (3) . Under conditions of rapid growth and proliferation, mTOR stimulates several anabolic processes, including mRNA translation, transcription, and lipid biosynthesis. The mTORC1 is well known to enhance capdependent translation initiation through the direct phosphorylation of S6K1 and 4E-BP1 in response to mitogen and nutrient stimulation (4) . The more recently discovered mTORC2 can directly phosphorylate Akt and conventional PKCs and is involved in maintenance of actin cytoskeleton in a yet to be defined mechanism. mTOR is a major signaling component of the PI3K/AKT pathway that is most frequently dysregulated in cancer (3, (5) (6) (7) .
In addition to the direct control of translational apparatus by mTORC1, several reports have implicated the mTOR signaling in the molecular events occurring the nucleus, such as RNA Polymerase (Pol) I transcription, essential for the ribosomal biogenesis and accumulation of cell mass (8) (9) (10) . The genetic and biochemical studies in budding yeast also revealed the regulation of nutrient-dependent Pol III transcription by TOR pathway (11) (12) (13) . Very few studies, however, addressed and identified the mechanisms by which mTOR regulates activity of Pol III in cancer cells. Pol III is the largest RNA polymerase which synthesizes diverse classes of non-coding RNAs, including tRNAs, 5S rRNA, U6 snRNA and other small untranslated RNAs required for multiple cellular processes (14) . Pol III products are overexpressed in transformed cells and tumors (15) (16) (17) (18) , but the direct causal link between Pol III-dependent transcription and cancer progression was only recently reported. Brf1, a TFIIIB subunit was identified as a driver of transformed phenotype in certain cell types (19) . Brf1 positively regulates recruitment of Pol III to its target genes and it is a critical point of convergence of multiple signaling pathways, including Ras, c-Myc, p53, Rb, and more recently described PTEN (14, 20, 21) .
The Pol III-associated transcription repressor Maf1 was originally discovered in budding yeast. In this organism, under optimal growth conditions, Maf1 is phosphorylated in a PKA and TOR/SCH9-dependent manner, whereas under stress or nutrient limiting conditions, it becomes dephosphorylated and translocates to the nucleus to repress Pol III transcription (13, 22, 23) . Several studies have indicated that human Maf1 has a similar function as a negative regulator of Pol III transcription (24) (25) (26) (27) . Although little is known whether mTOR directly impinges on Maf1 function in human cancer cells, recent data show that Maf1 is a phosphoprotein and is dephosphorylated in response to serum starvation, methyl methanesulfonate (MMS), or rapamycin treatment (24) . Nevertheless, the nature of the phosphosites and the regulatory mechanisms has not yet been defined.
To date, a plethora of studies has widely utilized rapamycin and its analogs to elucidate mTORC1-dependent biological responses in cancer cells. Given only the partial inactivation of mTORC1 by rapamycin, we sought to identify the previously uncharacterized mTOR signaling events. In the present study we have performed a phosphoproteomic study of cancer cells in response to mTOR inactivation by WYE-125132 (WYE-132), a highly potent, specific inhibitor of mTORC1 and mTORC2 (28) . We report the identification of Ser-75 of Maf1 as a site, phosphorylation of which is strongly suppressed by WYE-132 and the rapalog CCI-779. In diverse cancer cell lines studied, pharmacological inactivation of mTORC1 leads to a rapid and marked decrease in the cellular Pol III-dependent tRNA transcription. Furthermore, we provide evidence that mTORC1-dependent phosphorylation of Maf1 at Ser-75 and additional sites functionally contribute to the dynamic regulation of the repressive activity of Maf1 towards Pol III transcription. Our results support a model that mTOR signaling fine-tunes the rates of Pol III transcription in mammalian cells to provide the growth stimulatory signals.
EXPERIMENTAL PROCEDURES

Plasmids, Reagents and Chemicals
The mammalian expression CMV promoter vectors containing FLAG-tagged Maf1 (#EX-V1690-M11) and eGFP-Maf1 (#EX-V1690-M29) were obtained from GeneCopoeia. An existing one nucleotide discrepancy with the database version at position 706 of Maf1 was corrected by site-directed mutagenesis, so that Arginine R236 was converted to Glycine. The mutations S75A and S60A/T64A/S68A/S75A were introduced into Maf1 sequence in a FLAG-Maf1vector with QuickChange II or QuikChange Lightning Multi Site-Directed Mutagenesis kits (Stratagene), according to manufacturer's instructions. Primer sequences used for the mutagenesis are available upon request. The sequences of all vectors were verified by DNA sequencing. mTOR inhibitors CCI-779 and WYE-132 were provided by Wyeth Chemical and Pharmaceutical Development. All other chemicals/inhibitors were from SigmaAldrich unless otherwise specified. All inhibitors were dissolved in dimethylsulfoxide (DMSO) as concentrated stocks, and diluted before use in culture media for cell-based assays.
Cell culture, proliferation assays and transfections. Human tumor lines MDA-MB-361, MG63, HCT116, U87MG, HT29 and human embryonic kidney cell line, HEK293 were obtained from American Type Culture Collection (ATCC). Cells were cultured in a 37 o C incubator with 5% CO 2 using standard cell culture methods. All culture media, supplements and transfection reagents were purchased from Invitrogen.
For transient transfections, expression vectors were transfected into cells using the Lipofectamine 2000 reagent. For siRNA knockdown experiments with Maf1 siRNA Pool, cells were seeded at 30% confluence on 6-or 12-well culture plates and transfected with 50 nM siRNA using Lipofectamine RNAiMax (Invitrogen). siRNA transfections were repeated 48 h later and the cells were then incubated for additional 24 h followed by the drug treatment. For the knock-down of the endogenous Maf1 using 3'UTR-targeting siRNA and reintroduction of the Maf1 expression constructs, cells were transfected with Maf1 3'UTR siRNA for 48 hours, followed by transient transfection of Maf1 expression plasmids for another 24 hours. The Maf1 ON-TARGETplus siRNA pool and nontargeting control ON-TARGETplus siRNA pools were obtained from Dharmacon.
An ONTARGETplus siRNA against 3'UTR of Maf1 (sense, CAGCUGGACCGCAGAGUUUUU) was synthesized by Dharmacon. For amino acidstimulation experiments, HEK293 cells were transfected with Maf1 constructs for 24h and starved of amino acids by 2h-incubation in amino acid-free medium containing EBSS, MEMvitamins, MEM-non-essential amino acids, 0.2% NaHCO3, 1% glucose, 10% dialyzed FBS. Next, cells were pretreated with WYE-132 or vehicle control for 15 mins and refed with amino acids (Sigma) for 1h.
Immunoblot Analysis
Total cellular lysates were prepared using NuPAGE-LDS sample buffer (Invitrogen). Equal amounts of proteins were subjected to immunoblotting analysis using NuPAGE electrophoresis system (Invitrogen). Anti-FLAG antibody (M2) was from Sigma-Aldrich. Antibodies for phospho-S6K1-T389, total S6K1, phospho-AKT-S473, and total AKT were obtained from Cell Signaling Technology. Antibodies for total Maf1 (sc-98715/FL-256) were obtained from Santa Cruz Biotechnology and the β-actin antibody was from Chemicon-Millipore. Immunoblots were probed with appropriate primary and secondary antibodies following manufacturer's instructions and detected using enhanced chemiluminescence (GE Healthcare). For calf intestinal alkaline phosphatase (CIP) treatment, cells were lysed in a buffer without phosphatase inhibitors, containing 25 mM Hepes, pH 7.5, 100 mM NaCl, 1.5 mM MgCl2, 0.5 mM EGTA, 0.25 mM EDTA, 1% NP-40, 10 mg/ml Aprotinin, 10 mg/mL Leupeptin, 1 mM PMSF, 1 mM Microcystin LR.
To dephosphorylate proteins, lysates were treated with CIP (New England Biolabs) at 30 0 C for 30 minutes or at 37 0 C for 1h according to manufacturer's instructions.
RNA Isolation and Quantitative RT-PCR (qRT-PCR) Analysis
Total RNA, including small RNAs species, was extracted from cells using the miRNeasy kit (Qiagen). Samples were treated with DNAse twice: on column DNase digestion was performed during RNA purification using the RNase-Free DNase Set (Qiagen) and a second, in-solution DNase digestion was carried out using TURBO DNA-free (Ambion). The RNA was reversetranscribed into cDNA by using iScript cDNA Synthesis Kit (Bio-rad). Real-time PCR was performed using the iQ SYBR Green Supermix kit (Bio-Rad) on a Bio-Rad CFX96 system, according to the manufacturer's instructions. GAPDH was used as a reference gene. To quantify the level of short-lived tRNA pre-cursors, primers against intron-containing tRNA genes were designed. All primers were validated on genomic DNA to ensure amplification efficiencies were comparable. Primers sequences used for qRT-PCR are listed in Table S1 . Maf1 mRNA levels were quantified with Maf1 inventoried assay (Hs00361082_g1), GAPDH endogenous control assay (4333764F) and a TaqMan Gene Expression Master Mix (Applied Biosystems) on a Bio-Rad CFX96 system. For SYBR Green or TaqMan detection, the relative expression levels were calculated by using the comparative ∆∆Ct method (29) and according to the ABI's "Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR" (30) . Data from real-time PCR are expressed as "fold changes" with the error bars, where the error bars represent data ranges obtained from the calculation of standard deviations of the ∆∆Ct values. Each cDNA sample was run as triplicates, and the corresponding no-RT RNA sample was included as a negative control. Immunoprecipitations were performed using the following antibodies: mTOR (sc-1549, Santa-Cruz or ab32028, Abcam), RPC39 (RNA Pol III, sc-23913, Santa-Cruz), Brf1 (B2743-50A, US Biological), Maf1 (sc-98715/FL256, Santa-Cruz), Raptor (#2280, Cell Signaling) or IgG control (I5006, Sigma-Aldrich). Sequences of primers used for qPCR are shown in Table S1 . Negative controls represent primerpairs for the well-characterized untranscribed genomic regions Untr12 (Untr12) and Untr4 (Untr4).
ChIP Assays
Identification and Quantification of Phosphorylation Sites by Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) and LC-MS/MS
Untreated MDA-361 cells (3 X 10 8 ) were grown in custom DMEM medium lacking lysine and arginine (Invitrogen), supplemented with 10% dialyzed FBS, penicillin/streptomycin, and LLysine (L8662, Sigma) and L-Arginine (A8094, Sigma) mixture for "light" cultures. In parallel, MDA-361 cells (3 X 10 8 ) were grown in the same DMEM minus lysine and arginine medium which contained "heavy" L-Lys-2HCl (U- mM HEPES pH 7.5, 100 mM NaCl, 20 mM β-glycerophosphate, 1.5 mM MgCl 2 , 0.5 mM EGTA, 0.25 mM EDTA, 10 mM Sodium Orthovanadate, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1mM PMSF, 1 µM microcystin-LR, 9M urea, and Halt Phosphatase Inhibitor Cocktail (Pierce), sonicated and centrifuged at 12,000g for 15 min at 10 0 C. Next, equal amounts of light and heavy samples were combined and were subjected to proteolytic digestion with trypsin. Further two step phosphopeptide enrichment procedure was performed that included a strong cation exchange fractionation (SCX) followed by the titania dioxide (TiO2) chromatography, as described previously (32) . LC-MS/MS experiments were performed on a reversed-phase Magic C18 nanocolumn coupled with an LTQ-MS mass spectrometer (ThermoFisher). Two biological replicates were performed for mass spectrometric analysis. MS 2 raw spectra were searched against the human component of the NCBI database using Biowork 3.3 (ThermoFisher). The relative ratio of the intensity of the heavy versus the light peptides was used to express the degree of phosphorylation of a given protein.
Immunofluorescence Analysis
For immunofluorescence experiments, cells were grown in 6 well plates, in complete growth media on glass cover slips coated with collagen I (BD Biosciences) for 24 h before staining. The cells were fixed with 3.7% formaldehyde in PBS for 15 min, and then were permeabilized with methanol. Maf1 was visualized with primary rabbit antibody (diluted 1:100, sc-98715/FL-256, Santa-Cruz). Anti-rabbit IgG conjugated to Alexa Fluor 594 (diluted 1:1000) was used to visualize the proteins. Coverslips were mounted with ProLong Gold antifade reagent with DAPI (Invitrogen). Localization was evaluated by confocal laser microscopy at 63X maginifcation (Carl Zeiss) (Fig. 1) . Relative quantification of the intensity ratio of the "heavy"-labeled over the "light"-labeled phosphopeptides (H/L) for the Ser-75-containing peptide yielded a value of 0.07, indicating that phosphorylation of Maf1 at Ser-75 was inhibited by >99% under drug-treated condition. The identification of Maf1 as an mTOR-regulated phosphoprotein implicates mTOR in the broader regulatory mechanisms governing Pol III activity in cancer cells.
RESULTS
Identification of
mTORC1 is required for optimal tRNA transcription in various cancer cells. Since Maf1 is a known negative regulator of Pol III transcription and the TOR pathway is involved in control of RNA Polymerase III transcription in yeast, we first investigated whether mTOR is required for Pol III transcription in human cancer cells by employing both the mTORC1-selective rapalog CCI-779 and WYE-132. Actively proliferating cells of MG63 (osteosarcoma), MDA361 (breast adenocarcinoma) and HEK293 (embryonic kidney) were treated with 0.5 µM CCI-779 or WYE-132 for 3 h, and were analyzed by qRT-PCR to measure the level of tRNA precursors (pre-tRNAs). WYE-132 induced a marked reduction in the synthesis of pre-tRNA Leu by 72%, 80%, and 53% in MG63, MDA361 and HEK293 cells, respectively ( Fig. 2A) . Treatment with CCI-779 resulted in a similar but less pronounced decrease in pre-tRNA Leu levels in these cells, indicating an involvement of mTORC1. The expression of a second tRNA precursor, pre-tRNA Tyr , encoded by the gene located in a separate chromosomal region, was also reduced by both drugs in all cell lines tested ( Fig. 2A) . Conversely, unrelated control drugs UO126, α-amanitin and taxol did not significantly reduce tRNA transcription ( Fig. 2A) , indicating that the inhibitory effect of mTOR inhibitors on tRNA gene transcription is unlikely due to the secondary response of cells to the growth delay or to the general inhibition of transcription. In additional assays, mTOR inhibitors similarly down-regulated pre-tRNA levels in U87MG (brain), HCT116 (colon) and HT29 (colon) cells (Fig. S1 ), indicating the generality of this phenomenon in multiple cancer types.
To confirm the requirement of mTORC1 activity for Pol III transcription, MG63 cells were depleted for mTOR, Raptor, or Rictor (Fig. 2B) . Similar to the chemical inhibitors, both mTORand Raptor-depleted MG63 cells exhibited reduced pre-tRNAs, whereas depletion of Rictor had negligible effect (Fig. 2B) . Collectively, the results in Fig. 2 identify mTORC1 as a positive regulator of Pol-III transcription in a panel of diverse cancer cells.
Maf1 depletion increases basal tRNA transcription and renders tRNA synthesis resistant to mTOR inhibition.
Because of our findings on the involvement of mTOR in control of Pol III activity and the decrease in Maf1 phosphorylation by WYE-132, we next examined whether Maf1 is required for the mTOR inhibitor effects on Pol-III suppression. Transfection of Maf1 siRNA in U87MG, MDA361 and MG63 cells resulted in an efficient reduction of Maf1 mRNA by >95%, >85%, and >90%, respectively (Fig. 3A) . Depletion of Maf1 significantly increased the basal tRNA Leu and tRNA Tyr precursors in all three cell lines (Fig. 3B ), emphasizing Maf1's role as repressor of Pol III function also in cancer cells. We then tested whether Maf1 is required for the suppressive effects of mTOR inhibitors on tRNA synthesis. siRNA-transfected MG63 cells were treated with 0.5 µM CCI-779 or WYE-132 for 3 h. As expected, in the control siRNA-transfected cells, both CCI-779 and WYE-132 inhibited pretRNA levels. Remarkably, in the Maf1-depleted cells, levels of pre-tRNA Leu and pre-tRNA Tyr were no longer inhibited by mTOR inhibitors (Fig. 3C ). These results suggest that Maf1 functions downstream of mTORC1 to control Pol III activity. mTORC1 is required for Maf1 phosphorylation and its nuclear exclusion. Given the identification of Maf1 as a potential mTOR substrate in our SILAC experiment as well as the suppressive effects of mTOR inhibitors on Pol III transcription in cancer cells, we investigated mTOR-dependent phosphorylation of Maf1. Maf1 was reported as a doublet on SDS-PAGE, with dephosphorylated or hypophosphorylated protein being the faster migrating form (downward band shift) (25, 26) . Due to the lack of a robust Maf1 antibody suitable for immunoblotting, FLAG-Maf1 was transfected into HEK293 for examination of Maf1 mobility shift. We performed SDS-PAGE analysis of the lysates from DMSO-, CCI-779-and WYE-132-treated cells along with a control sample pretreated with calf alkaline phosphatase (CIAP). Compared to the control lysate, 1 h CIAPtreatment resulted in a downward band shift of FLAG-Maf1, which is indistinguishable from that of CCI-779-or WYE-132-treated cells (Fig. 4A) . This result indicates that the faster migrating form observed in the mTOR inhibitor-treated cells represents a more completely dephosphorylated Maf1.
Employing this technique, we next examined Maf1 mobility shift in the FLAG-Maf1 transfected MG63 and MDA361 cells. Treatment of these cells with CCI-779 or WYE-132 for 3 h caused an identical downward band shift in FLAG-Maf1, and this was accompanied by the suppression of other known mTOR biomarkers, including P-S6K1-T389 and P-AKT-S473 (Fig.  4B ). As expected, several unrelated inhibitors that target MEK1 (UO126), RNA-Polymerase II (α-amanitin) or microtubule (taxol) did not induce FLAG-Maf1 band shift (Fig. 4B ). To confirm a specific requirement for mTOR in Maf1 phosphorylation, MG63 cells transfected with FLAG-Maf1 were similarly treated with additional commercially available drugs. Aside from WYE-132 and CCI-779, only LY294002, wortmannin, and a wortmannin analog WAY-266175 (33, 34) achieved the most complete shift of Maf1 to the faster migrating form (Fig. S2) , which is likely due to the dual suppression of PI3K and mTOR by these agents.
To further confirm Maf1 phosphorylation via mTORC1, we examined Maf1 phosphorylation in response to amino acids. Amino acids rapidly induced P-S6K, P-4E-BP1, and caused an upward band shift of Maf1, consistent with a decreased mobility due to phosphorylation (Fig. 4C) . As expected, amino acid-induced phosphorylation of Maf1, S6K1 and 4E-BP1 were completely blocked by WYE-132 (Fig. 4C) . Collectively, these results demonstrate that Maf1 phosphorylation is specifically and positively controlled by mTORC1.
Human Maf1 was shown to localize to the nucleus when introduced into HeLa cells (27) . Yeast Maf1, however, exhibits largely cytoplasmic localization under normal growth conditions (22) . We therefore examined cellular distribution of the endogenous Maf1 employing a newly developed Maf1 antibody. The staining specificity of the antibody was first verified by the marked reduction of Maf1 signal in Maf1-depleted cells as analyzed by immunofluorescence and western blotting (Fig. S3A, 3B ). Immunofluorescence staining of MG63 cells revealed that Maf1 was evenly distributed throughout the cell. Treatment of MG63 with 0.5 µM CCI-779 or WYE-132 significantly increased the amounts of Maf1 in the nucleus, with the nuclear-Maf1 being more pronounced in the WYE-132-treated cells (Fig. 5) . These results suggest that mTOR-mediated phosphorylation/dephosphorylation events can modulate Maf1 nuclear-cytoplasmic dynamics and are consistent with a role of Maf1 in repressing Pol III transcription in the nucleus.
Phosphorylation of Maf1 Ser-75 and additional serine/threonine residue(s) is required for mTORC1 control of Pol III transcription.
To investigate the functional relevance of mTORdependent Maf1 phosphorylation, Maf1 mutant harboring the nonphosphorylatable substitution of Ser-75 to Ala was generated. When transiently expressed in HEK293 or MG63 cells, FLAGMaf1-S75A (Maf1-S75A) displayed a downshift in gel mobility as compared to the wild-type protein (Fig. 6A, 6C) . Notably, this downward shift of Maf1-S75A was not as complete as the one observed under mTOR inhibitor-treated conditions, suggesting a possibility that phosphorylation of Maf1 at additional sites, other than Ser-75, may also involve mTOR. Next, we examined the effects of Maf1-S75A on Pol III transcription relative to the wild-type Maf1 or a vector-control.
To overcome potential interference from the endogenous Maf1, its expression was first reduced using siRNA directed against Maf1 3'UTR before introducing exogenous Maf1. As expected, Maf1 3'UTR siRNA efficiently depleted the endogenous Maf1 in MG63 (Fig. 6B ) cells but did not affect the ectopically introduced Maf1 alleles (Fig. 6C) The conversion of Maf1-S75A to a partially dephosphorylated form as well as a moderate potentiation by Maf1-S75A in its Pol III repression suggested the presence of additional phosphosites that might be relevant for mTORC1 control of Pol III. Inspection of PosphoSitePlus database 1 revealed three potentially important phosphorylation sites, Ser-60, Thr-64 and Ser-68 in human Maf1. To assess the contribution of these phosphosites to Pol III-transcription, a combined alanine substitutions at all four residues, S60A/T64A/S68A/S75A (Maf1-4A) was constructed. After depletion of endogenous Maf1, MG63 cells were transfected with wild-type Maf1, Maf1-S75A and Maf1-4A, and were either treated with WYE-132 to visualize the gel mobility or assayed for Pol III transcription activity. The Maf1-4A protein migrated noticeably faster than the S75A, and was no longer shifted further down by WYE-132 (Fig. 6E) . Significantly, Maf1-4A caused a further decrease in the pre-tRNA Leu levels as compared to that by Maf1-S75A (Fig. 6E) . We have observed a similar suppressive effect of Maf1 mutant alleles on the expression of 5S rRNA gene that is also transcribed by Pol III (Fig. S4A) .
The involvement of Maf1 in the negative regulation of certain Pol I-and Pol II-dependent transcript raised the possibility that Maf1 phosphorylation could be functionally important for the additional subset of genes. However, single or quadruple phosphosite mutants did not reduce the expression of 45S precursor rRNA and had only minor effect on TBP mRNA levels (Fig.  S4B, C) . Together, these results suggest that cooperative phosphorylation of Ser-75 and additional residue(s) is required for the optimal Pol III activity under conditions of unstressed growth but is not sufficient to repress Pol I/Pol II transcription.
Maf1 phosphorylation is required for the mTORC1-dependent, amino acid-stimulated Pol III transcription. The canonical mTORC1 is known to be acutely activated by amino acids. To further assess the contribution of the Maf1 multisite phosphorylation events in amino acidsinduced mTORC1 signaling and Pol III transcription, we introduced the exogenous wildtype Maf1, Maf1-S75A and Maf1-4A into HEK293 cells. The transfected cells were amino acids-starved and then restimulated with amino acids without or with WYE-132. As with the earlier experiment in Fig. 4C , amino acids induced an upward shift of the wild-type Maf1. This shift was less obvious in cells with Maf1-S75A and virtually eliminated in cells expressing Maf1-4A mutant (Fig. 7A) . This result demonstrates that phosphorylation events at Ser-75 and additional serine/threonine residue(s) are targeted by the amino acid-sensitive signaling function of mTORC1.
We observed that amino acids stimulated a 3-fold increase in pre-tRNA in the wild-type Maf1 cells. Importantly, the amino acid-induced pre-tRNA synthesis was significantly attenuated in the Maf1-S75A cells, and was most dramatically reduced in the Maf1-4A cells (Fig.  7B) . These findings together with the results in Fig. 6E highlight a functional requirement for mTOR-dependent Maf1 phosphorylation on Ser-75 and additional residues in mTORC1 control of Pol III transcription.
The biological significance of Maf1 phosphorylation sites prompted us to examine whether similar residues are present in other organisms.
Interestingly, alignment of Maf1 sequences from higher eukaryotes revealed that Ser-60, Thr-64, Ser-68 and Ser-75 are well conserved among H. sapiens, M. musculus, X. laevis and D. melanogaster (Fig. 7C) , suggesting the evolutionary importance of these sites in regulation of Maf1 function..
Association of Maf1, Pol III, Brf1 and mTORC1
with Pol III promoters. Given that Maf1 is a repressor of Pol III activity and a proximal mTOR target, we investigated whether mTORC1-dependent phosphorylation modulates its binding to Pol III-transcribed promoters. ChIP analysis of the actively proliferating MG63 cells detected specific Maf1 binding to two independent tRNA Leu genes residing in different chromosomal locations, tRNA Tyr , U6 snRNA, 5S rRNA as well as the Pol II-transcribed actin region, but not at a silent region of the genome Untr12 (Fig. 8A) . Low, but significantly above the background level of Maf1 occupancy of actin is consistent with Maf1's binding to a set of Pol II promoters (24) . Most importantly, acute WYE-132-treatment resulted in a small but reproducible increase in Maf1 recruitment to tRNA Leu and U6 snRNA genes (Fig.  8A) , suggesting that dephosphorylated Maf1 becomes a more efficient repressor that binds Pol III targets. Considering the possibility that the enhanced Maf1 binding may directly interfere with the recruitment of Pol III and TFIIIB to these templates, we next examined the occupancy of Pol III and Brf1 of the same subset of Pol IIItranscribed genes.
Employing the antibody against the Pol III subunit RPC39, Pol III was specifically detected at the two tRNA Leu genes, tRNA Tyr , U6 snRNA and 5S rRNA but not at the Untr12 or the actin gene. Strikingly, WYE-132 reduced the Pol III occupancy of the corresponding genes by ~2-2.5-fold (Fig. 8B) . In control cells, we detected a robust recruitment of Brf1 to tRNA Leu , tRNA Tyr , and 5S rRNA genes, but not to U6 snRNA, actin, or Untr12 (Fig. 8C) . This is consistent with the report that Brf2, instead of Brf1 is required for U6 snRNA expression (35, 36) . WYE-132 strongly diminished binding of Brf1 to the tRNA Leu , tRNA Tyr , and 5S rRNA regions, showing over 2-fold decrease for these genes (Fig. 8C) . Immunoblot analysis indicated that WYE-132 did not reduce the expression of Pol III or Brf1 in these cells (Fig. 8D) . Taken together, the decreased recruitments of Pol III and Brf1 to the target genes could be the primary mechanism for the suppressive effects of WYE-132 on Pol III transcription.
Considering the role of mTOR in transcriptional activation of Pol III targets and mTOR-mediated Maf1 phosphorylation, we tested whether mTOR itself may directly associate with Pol III templates.
When ChIP assay was performed on MG63 cells, both mTOR and Raptor were specifically associated with two independent tRNA Leu genes, U6 snRNA, tRNA Tyr and to a lesser extend with tRNA Tyr or 5S rRNA (Fig. 8E,  8F) . No binding was detected by a control IgG or at the Untr12 region. WYE-132, however, did not alter the mTORC1 occupancy of these Pol III targets 2 , indicating that mTORC1 binding to these regions is constitutive. An additional mTOR ChIP study with HEK293 cells produced a similar finding (Fig. S5) . Overall, these data indicate that in actively proliferating cells, mTORC1 interacts with endogenous Pol III-transcribed genes in a constitutive fashion.
DISCUSSION
Recent discovery of mTORC1/mTORC2 small molecule inhibitors (37-39) have yielded considerable efforts in deciphering the complexity of cellular processes that are governed by mTOR. SILAC-based identification of a novel phosphorylation site in Maf1 whose phosphorylation is profoundly decreased in breast cancer cells treated with WYE-132 led us to propose more immediate role of mTOR in regulating RNA Polymerase III transcription than previously anticipated. Specifically, suppressive effects of pharmacological mTOR inhibitors in a broad panel of cancer lines coupled with siRNA depletion studies implicate mTORC1 as a critical positive regulator of Pol III outputs. Generally, more pronounced inhibition of Pol III transcription by WYE-132 as compared with CCI-79 could be explained by 1) existence of "rapamycininsensitive" mTORC1 substrates involved in Pol III transcription, 2) more complete suppression of mTOR catalytic activity by WYE-132. Our results are also in agreement with rapamycin's effect on Pol III-dependent transcription recently described by Woiwode and coworkers (21) . Expanding upon the genetic link between mTOR and Maf1, we demonstrated that Maf1-depleted cells become refractory to the Pol III inhibition in response to acute exposure to CCI-779 or WYE-132. Thus, it appears that Maf1 acts downstream of mTORC1 to transmit regulatory signals to the Pol III machinery.
The identification of Maf1 in a phosphoproteomics screen as well as its profound conversion to a faster migrating form upon exposure to specific pharmacological mTOR inhibitors in different cell lines raises the possibility that Maf1 is an immediate target of mTOR. Further salient evidence in support of this idea comes from the additional manipulations of the mTORC1 signaling. Specific activation of mTORC1 during conditions of amino acid stimulation causes a decrease in Maf1 gel mobility, an indication of increased phosphorylation. Conversely, mTOR or raptor siRNA-mediated knockdown increases Maf1 gel mobility 3 , consistent with the effect of mTOR inhibitors. We have attempted but failed to detect a direct phosphorylation of Maf1 by immunoprecipitated mTOR enzyme in vitro 4 . Nevertheless, this negative observation should be interpreted with caution due to the technical complexity in the assays with mTOR complexes in vitro. While we were not able to demonstrate a direct phosphorylation of Maf1 by mTOR, our data do not exclude another kinase(s) of the mTORC1 axis for phosphorylation of these sites. Recent reports suggest that Sch9, a yeast kinase homologous to mammalian S6K1, regulates Pol III transcription in a Maf1-dependent manner (12, 40) . In support of a role for S6K1 in Maf1 phosphorylation in cancer cells, we have observed that a rapamycinresistant S6K1 can partially protect Maf1 from the WYE-132-induced dephosphorylation (Fig. S6 ). It therefore remains formally possible that mTORC1 and/or S6K1, alone or in concert with additional kinases(s), directly contribute to Maf1 phosphorylation and functional regulation.
Whereas the sequence surrounding Ser-75 (SPSLSKS 75 QGGE) in Maf1 does not resemble any known mTOR phosphorylation sites, or the consensus residues that could be phosphorylated by S6K1 (or other AGC-kinases), we can not exclude the possibility that mTOR (or S6K1) relies more on protein conformation than on exact amino acid context to identify cognate phosphorylation sites. Intriguingly, we noticed that human Maf1 contains residues (AVREDFKDLK, 138-147) that are somewhat similar to the mTOR signaling (TOS) motif which is important for binding of mTOR substrates to the raptor-mTOR complex. Further investigation is clearly needed to establish whether Ser-75 of human Maf1 is a direct mTOR substrate and if is not so, to identity other mTOR-regulated kinase(s) responsible for Ser-75 phosphorylation in cancer cells.
In addition to our report, Ser-75-containing Maf1 peptide was also discovered in three large proteomic studies, which were directed to search for potential ATM/ATR substrates (41, 42) or for the mitosis-specific phosphorylation events (43) . Whether Maf1 represents a bona fide substrate of the checkpoint kinases and plays a role in DNA damage is not known. It appears that, mTOR kinase inhibitors CCI-779 and WYE-132 do not block ATM/ATR-dependent responses 5 , making it unlikely that Ser-75 dephosphorylation involves inhibition of ATM/ATR activity in the current assay conditions. Our data also emphasize the requirement of the mTOR-mediated phosphorylation for the proper intracellular localization of Maf1. Specifically, nuclear accumulation of Maf1 indeed correlates with a concomitant dephosphorylation of Maf1 in the presence of mTOR inhibitors, highlighting a potential similarity between yeast and mammalian cells in the way mTOR prevents Maf1 nuclear localization under conditions of active growth. Nevertheless, sequence alignment between human and yeast Maf1 shows that phosphorylation sites analyzed here do not overlap with amino acid residues in yeast protein that are known to be phosphorylated by PKA and/or Sch9, the yeast ortholog of human S6K1 (Fig. S7) . In fact, these phosphorylation sites in yeast Maf1 (S90, S101, S177, S178, S179, S209, S210) reside in a region that is not conserved in the human protein. At the same time, our finding that the rapamycin-resistant S6K1 partially reverses WYE-132-induced Maf1 dephosphorylation (Fig. S6 ) supports a role of S6K1 in mTORC1-dependent phosphorylation of human Maf1. Future studies will clarify the identity of kinase(s) that directly phosphorylate Maf1.
Does the mTOR-dependent Ser-75 phosphorylation play a role in Maf1 function? We showed that an S75A, a nonphosphorylatable Maf1 allele, partially mimics the effects of mTOR inhibitors in both the Maf1 gel mobility and Pol III transcription assays, strongly suggesting that phosphorylation of Ser-75 attenuates its Pol IIIrepressive function. Notably, the magnitude of the downward shift in Maf1 gel mobility in this mutant correlates with the severity of Pol III transcriptional repression in full growth medium or under amino acid stimulation conditions. Although Maf1-S75A demonstrated a stronger Pol III repression than the wild-type Maf1, it appears that dephosphorylation of additional residues also contributes to the full repressive activity of Maf1. Indeed, our findings that 1) a quadruple substitution mutant, Maf1-4A, exhibits the most pronounced suppression of basal or amino acidinduced Pol III synthesis compared to that of Maf1-S75A and 2) Maf1-4A downward shift in gel migration is virtually complete and is no longer further down-shifted by WYE-132, suggest that mTOR and/or unknown mTOR-regulated kinase might be required for the phosphorylation of multiple sites on Maf1. Furthermore, our studies involving amino acid-stimulation not only demonstrate a direct link between specific activation of mTORC1 and phosphorylation of Maf1, but also provide novel evidence that amino acid availability modulates Pol III transcription in general. Whereas several studies have described the effects of amino acids on Pol III transcription in yeast (44, 45) , to our knowledge this is the first report showing the activating action of amino acids on tRNA synthesis in human cells. The fact that WYE-132 effectively blocks amino acidstimulated tRNA synthesis further underscores the pivotal role for mTOR kinase in the regulation of nutrient-responsive Pol III transcription. In spite of inhibitory effects of Maf1-75A or Maf1-4A on Pol III transcription, these substitutions did not result in further decrease in overall cell growth in two-dimensional cultures as compared to that of Maf1-WT (Fig. S8) . Hence, it remains to be determined whether phosphorylation of Maf1 is critical for tumor growth in vivo or in anchorage independent settings.
Little is understood of the precise mechanism by which human Maf1 represses Pol III transcription.
Firstly, endogenous Maf1 associates with Pol III, TFIIIB and likely with TFIIIC complexes in human cells (25) (26) (27) . Secondly, a recent in vitro study has demonstrated that human Maf1 represses Pol III activity by blocking the recruitment of Pol III to the TFIIIB-TFIIIC-DNA complexes and to a lesser degree, by interfering with the binding of TFIIIB to DNAbound TFIIIC-DNA (46). Our results indicate that mTOR activity is required for a normal recruitment of both RNA Pol III and Brf1 to their target genes, which provides mechanistic explanation for the inhibitory effects of mTOR inhibitors on cellular Pol III transcription. Paradoxically, we found only a small increase in Maf1 occupancy of a subset of Pol III genes during acute treatment with WYE-132. One interpretation may reflect a significantly heterogeneous basal occupancy by Maf1 in current cell culture condition and it is possible that mTOR inhibition promotes Maf1 recruitment in only a subset of de-repressed promoters and/or cells. Additional explanation could be that Maf1-mediated repression may rely on a mechanism which does not require a tight binding of Maf1 to the DNA. In this respect, recent work has demonstrated that human Maf1 is able to inhibit Pol III activity in vitro only when polymerase is free in solution, whereas Pol III which is bound to preinitiation or elongation complexes is largely resistant to Maf1 (46) . This and the fact that Maf1 is present on a subset of genes under normal growth conditions even in the absence of the drug, suggests a transient nature of Maf1-mediated repression, which may be difficult to capture by a conventional ChIP assay. At the same time, unequal modulation of Maf1 association with tRNA genes in repressive conditions could be interpreted by the differential transcriptional regulation of these tRNAs. For example in yeast, Maf1-mediated repression is not uniform for different genes: binding of Maf1 to tRNA Met gene promoter seems to be only slightly enhanced by rapamycin (22) .
Additional support for the more immediate role of mTOR in control of Pol III output in cancer cells comes from our analysis of mTORC1 occupancy at Pol III-transcribed promoters. Although unexpected, this finding is in accord with the previously described mTOR localization in the nuclei of cancer lines (47) (48) (49) , and is also consistent with the recently described association of TOR with 35S and 5S rDNA promoters in yeast (13, 50) . Further experiments are required to determine whether mTOR interacts directly with Pol III itself, TFIIB, or Maf1. Based on our findings, we propose a model (Fig. 9) in which a nuclear pool of mTOR within mTORC1 associates with Pol III promoters to continuously monitor and adjust Pol III transcription rates according to the growth and metabolic demands of the cell. In conditions when the most active burst of Pol III dependent synthesis is required, such as amino acid or growth factor stimulation, mTORmediated phosphorylation of Maf1 at sites including Ser-75 serves as a signal to assemble active TFIIIB and Pol III complexes on DNA. In this scenario, Maf1 may be more completely inactivated by phosphorylation at multiple residues by mTOR itself and/or by other mTORregulated kinase(s) leading to its exclusion from the nucleus. Unfavorable growth conditions or mTOR inhibition by the drugs, such as WYE-132 or CCI-779, can induce dephosphorylation of Maf1 resulting in its nuclear accumulation. Thus,
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Li, H., Tsang, C. K., Watkins, M., Bertram, P. G., and Zheng, X. F. (2006 C. Lysates were probed with FLAG or β-actin antibodies. B. Indicated cell lines were transiently transfected FLAG-Maf1 expression vector. 24 h post-transfection cells were treated with 0.5 µM CCI-779, 0.5 µM WYE-132, 5 µg/ml U0126, 10 µg/ml α-amanitin, 100 ng/ml taxol or DMSO-control for 3 h, as described in Fig 2. Total cellular lysates were subjected to immunoblotting with antibodies for FLAG, phospho-S6K1, phospho-AKT, total AKT, phospho-ERK, and β-actin. Dephosphorylation of the Maf1 was monitored by its shift in migration on SDS-PAGE. The arrowheads indicate migration of phosphorylated vs. hypo-phosphorylated form of Maf1. C. HEK293 cells were subjected to amino-acid withdrawal (-AA) for 2 h and then incubated with amino-acids (+AA) for 1 h with or without WYE-132. Lysates were immunoblotted with FLAG, P-S6K1, total 4E-BP1 or β-actin antibodies. Maf1 was depleted from MG63 cells using 3'UTR-targeting siRNA and either vector control, wild-type FLAG-Maf1 (Maf1-WT) or a mutant FLAG-Maf1-S75A (S75A) were reexpressed in these cells for 24 h as described in Experimental Procedures. B. Control-siRNA or Maf1-depleted cells that were transfected with empty vector were tested for the level of Maf1 mRNA by qRT-PCR using Maf1 Taqman assay. C. Immunoblotting using FLAG antibody was used to confirm reexpression of Maf1 alleles and to monitor electrophoretic mobility of Maf1. Arrows indicate bands containing phosphorylated or dephosphorylated Maf1. D. Precursor tRNA Leu and tRNA Tyr levels in vehicle-treated cells from (C) were quantified using qRT-PCR. E. MG63 cells were transfected with the vectors expressing either FLAG-tagged wild-type Maf1 (WT), FLAG-Maf1-S75A (S75A) and a quadruple mutant FLAG-Maf1-4A (4A) after depletion of endogenous Maf1 with 3'UTR-taregting siRNA. For the analysis of a relative shift in Maf1 mobility, cells were treated with 0.5 µM WYE-132 for 3h. Top, total lysates were probed with FLAG and P-S6K1 antibodies. Arrows indicate phosphorylated or hypophosphorylated forms of Maf1. Bottom, qRT-PCR was then used to measure the amounts of precursor tRNA Leu in cells expressing mutant alleles, relative to cells containing wild-type Maf1. HEK293 cells were transfected with wild-type FLAG-Maf1 (Maf1-WT), FLAG-Maf1-S75A (S75A), and a quadruple mutant FLAG-Maf1-4A (4A). Cells expressing Maf1 constructs were shifted to amino-acid free medium (-AA) for 2 h, followed by 1 h amino-acid stimulation with (+AA+WYE-132) or without WYE-132 as described in Fig. 4C . Lysates were immunoblotted with FLAG, P-S6K1, total 4E-BP1 or β-actin antibodies. 
